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An investigation, beth theoretical and experimentel, 
is made of the use of orgenic seintillaters for dosage 
measurenents, The “alr-equivalent" range of organic 
seintillators is measured experimentally and found to be 
in ¢lese agreenent with theory, Consideration of the 
following factors is taken inte accounts 

ls Absorption in seintilletor. 

£, ize of seintilletor, 

3e Electronic equilibrium conditions, 
4 Multiple scattering in seintillator,. 
5. External seattered radiation, 

Measurements were made for severe] types and sises of 
orgenic seintillators under beth "good" geometry and "broad 
beam" geometry conditions. The conclusion is reached that 
under certain restricting conditions organie scintillators 
can be used for dosage meesurements over a specified energy 
renge of the incident y radiation, 
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I. INTRODUCTION AND STATEMENT OF PROBLEM 


There is a need in biological yeray studies for an 
instrument capable of measuring low dose rates. There 
are two requirements which such an instrument should 
meet. These are: (1) ability to measure dose rates in 
ar/hr (millireentgens per hour) and (2) dimensions smell 
enough such that the position of the detector for the y 
radiation can be determined within « few millimeters. 

The first requirement is necessary for an insten- 
taneous knowledge of the dose rate. The second require- 
ment would enable measurements of a radiation field with 
a high gradient or the determination of dose rates in 
interesevity measurenents. 

None of the instruments presently available meet 
both these requirements. The thimble chamber, which has 
emell dimensions, is calibrated to read total roentgen 
dose and requires en excessive exposure time for small 
dese rates, Air ionization chamber dosimeters capable 
of reading low dose rates in mr/hr, are limited in their 
use because they require a relatively large loniszation 
chamber. 

4n instrument capable of meeting both requirements 
has been proposed and investigated experimentally by 
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several authors ‘2 &, 3), Such an instrument would be 
composed of an orgenic scintillator, a photomultiplier 
tube, and an electronic detecting system. In the first 
two papers ‘2+ 2) which investigated the usefulness of 
this device over the low energy region (20 Kev-200 Kev), 
the deteeting system merely measured the average direct 
current output of the photomultiplier tube by means of 
a direct current amplifier. Prestwich and Colvin) ine 
vestigated a system for use in the mediwn energy yeray 
range (£50 Kev-3 Mev), where the detecting system con- 
sisted of a highly complicated eleetronic spectrometer 
which they admit would be unsuitable for « practicable 
dese rate meter. 

Dr. Gerald J. Hine suggested to the present suthor 
that the technique, as used by Ittrer and Ter-Pogossian** 
of measuring directly the output of the photomultiplier 
tube should also be applicable to the medium energy range. 


Therefore the present author has undertaken an experi-~ 
mental investigation of such 4a system in the 250 Kev to 
| 3 Mev range and this paper is e report of the investi- 
) gation. 
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II. THSORSTLOAL AGPECTS 


Ae Busic Considerations 

In radiobiolegy, radiation dose is measured in 
roentgens and dose rate in reentgens per unit time. The 
roentgen, as defined by the Radiological Congress at 
Chicago in 1937, is a unit of energy dissipation, or 
quantity of ionisation, by y or xrays in a standard 
arbitrary material, str. \* Therefore in order to 
measure the energy dissipation or quantity of ioniza~ 
tion in roentgen units, the interseting meterial must 
either be air or « material “equivalent” te air. By 
“air-equivelent" material ig meant as material in whieh 
the energy dissipated per gram of material is equal to 
the energy dissipated per gram of «air. 

To determine the energy dissipated in any material 
when there iz an ineident y-ray flux, it is necessary to 
consider the detalled processes by which y rays interact 
with matter. There sare three main processes which have 
a probability of oceurrlag when y rays are incident on 
matter, These are (1) photeeleetric effect, (2) Compton 
collisions, and (3) pair preduetion. In the first two 
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“processes the y-ray photons interact with the electrons 
in wetter and deliver part or all of their energy to 
an ¢leetron. This secondary elestron then moves through 
the matter lesing its kinetic energy, which it received 
from the incident y-ray photon, by the process of toniza~ 
tion and excitation until all ite energy is lost. In 
the third process the y-ray rhoton is transformed in 
the field of a nucleus into « vositron-electron pair 
both of whieh proceed to lose their energy in the sane 
menner. The positron efter losing its kinetic energy 
will react with another ¢lectron and produce annihilation 
redlation returming an energy of 1.02 Mev in the form 
of two v rere each having an energy of 0.51 Mev. 
Since the energy required for the production of an 

ion pair is roughly constant at about 32.5 ev/ion paar 6506) 
the number of fon pairs is proportional to the energy 
delivered to the secondary electrons. This is the basis 
for the air lonization chamber whieh collects the ion 
pairs, measures their totel charge, and obtains a measure 
of dosage. 

In @ scintillation crystal, light pulses are pro- 


duced by a complicated seintillation process‘) 
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associated with the loss of energy through ionization. 
Hopkins ‘8 hes shown that the light pulse in anthracene 
is proportional to the secondary electron energy initiating 
it at least for cloctron energies from 0.125 to 3.2 Mev. 
Since the schotomultiplier eurrent is orepertional to the 
incident light flux the integrated eurrent resulting from 
the seintilletion pulses la & measure of the secondary 
electron energy or the energy dis¢ivated in the crystal. 
This is the basis for a scintillation dose rate meter when 
the scintillation material is "sir~equivalent", 


Be Bnergy Absorbed in yerex Intoras 

If the scintillation material is "air-equivalent" 
the ratio of the energy absorbed/see in an organic 
seintillater to that abserbed/sec in air should be 
constant. To find this ratie we proceed as follows: 


Let ey = yYeray anergy in Mev 


a = scattered y-ray energy in Coupton coliision 
nh = number of incident photons/em*-see of 
energy By 
A = effective area of incidence 
@ = total Compton linear attenuation coefficient 
in en? 
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g, = true Compton linear absorption ceefficient 
in en” 
g, = Compton scettering coefficient in en”* 


UT = photoelectric linear attenuation coefficient 
in en“? 
Km pair production linear attenuetion eceffielent 
in on”? 
#, ™ totel lineer attenustion coefficient in on™? 


tear K +T 


 * true linear absorption esefficient in on 


o *o, + K ~ T 
W = binding energy of "EK" electron 


Mase absorption coefficients are obtained by dividing 
the linear absorption coefficients by the density po. 
Pigure 1 shows the value of u/p, tig / Po T/p, and K /p 
fer air as a function of incident y-ray energy. Figure 
& is the same for anthracene and Pig. 3 is the same for 
Nal (see Appendix A for sample ealeulations and source 
of data). 

In a Compton collision the energy absorbed per 
interacting photon is (BZ, - E,") end the probebility of 
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Figure 3 


MASS ABSORPTION COEFFICIENTS FOR Nal 
p=set I" cm? 
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interseting per photon per em of path length is ¢. 
Therefore the probable energy absorption per photon per 
om of peth length for a Compton eollision is 


. ih 
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Since 


a(R, - By) = 48, 

In the photoelectric process the energy absorbed 
per interacting photor is (2, ~ W¥) and the probebility 
of interacting per photon per em of path length is T. 
Therefore the probuble energy abserbed per photon per em 
of path length in the photoelectric process is 

r(B, = ¥) 

In the paireproduction process the energy absorbed 
per intersecting photon is (E, ~ ame") and the probability 
of interacting per photon ver om of path length is kK. 
Therefore the probable energy absorbed per photon per 
eu of path length in the pair-production process is 


Kee 2 
(E, ~ 2n,0") 
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The total prebable energy absorbed per see = Abe 
for en incident flux of n photons/ om”«see in a thickness = dx 
is the sum of the probable energies ubsorbed per unit time 
in a thickness dx for the three processes, 


dBy * na |ax 5, + (8, ~ ¥) + (é, - em,e*)\ (B-1) 


The total energy per see absorbed in a thickness L Le 


Bp = i ri (Bez) 


For air and organic materials, in the energy range 
considered (0.01 Mev to 10 Mev), Wis negligible compared 
to Eye Also sinee * (z,, ~ ome") «K 8, this tera can be 
neglected. Using these simplifying assumptions the equation 
for energy absorbed per see in dx becomes 

ak, * nhB (o, +t) dx= MAB Yb, ax (3+3) 
In « material whose thickness is 1, the number of 
photons/em”=see » Ry ineident on a ¢ross section taken 
anywhere between © and 2 is not constant but follows an 
exponential law 


n ® ae” (B-4) 


The total linear attenuation cesfficlent mw, is chosen 
here on the basis of crystal size, which makes the 
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probability of multiple seattering extremely wilikely. 
ihe actuni value lies somewhere between #, amd » and is 


dependent on the goenotay. the total energy absorbed 
per sec then becomes 


ie 
Ey = n,@ AB Hy ax 
¢& 


& noe By La pate" (B~B) 


Using primed symbols to indieate values for air and 
unprimed symbols fer organic seintillators the ratio of 
energy abserbed per sec in an orgenie seintillator to the 


energy absorbed rer see in air becomes 


mal 


Rob, "E, Ltit 
: wt LY 
For an ionization chember of reasonable size 

(l-2 liter volume, 3-4 mu air equivalent wall material) 
| He" La ‘ 

Ba’ 2" << 1, therefore 1 + @ =n! (t and the ratio 

becomes 
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For a specified organic ecintillater and ion chamber 
the ratio prby will remain constant. The ratio & ean then 
be written 

p net 
Rac a in ae (Beg) 

Since we sre interested only in the relative values 
of R the value of the constant C ¢an be chosen to normalize 
R to one at any selected value of EY Hote that this ratio 
4e a funetion of crystal thickness. 

All of the above equstions have been derived on the 
assuaption of a monoenergetic y-ray source. Ye must in- 
vestigete the problem also for non-moncenergetic sources. 


First we define an average yeray energy 


ye = Pay, / 2 Py 


where 
P, ™ percent abundances of ifth y ray 


a = energy of ifth y ray 
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then QB, NAB, Hy, Ox (B+10) 


diy + : ny Aly Ma, dx (8-11) 
“Po,” 

ny * my ,° (B+12) 

Ey ad 2M, a ABY Me ax 


OT a 
Using the expansion for e Bo L for air, as before, the 
ratio of energy absorbed per sec by the orgenic seintillator 


to energy absorbed per sec by air becomes 


(B+14) 


Por the sources used experimentally which have a none 
monoenergetic spectrum the greatest correction (not con~ 
sidering Ra) will oceur for the wa" 
y rays of widely divergent energy. Caleulation of the 


souree which hss two 


ratio R, considering the separate y rays, compared with 


egies en 


f = . - si age »tnotue od? Ln sate coe ’ 
Fest ay butewrea: saad beth: 


“109 tom) aottoerroe taeveers od. ena ae neal | 


a POS 
ows aod soldw gous a eit x02 awoe0 Lav 
: (on antuonas 


¥ ie? > 


edd to nobtalwols® satan faogtevad visdiv te even y 
dtkw beinqmoo , s8X8t y Gtataqee eds galtebianos A obten 


the calculation of 8, eonsidering the source nonoenergetic 
with a y-ray energy equal te the average y-ray onergy of 
na”, shows that this cerrection is less than 1 percent 
(see Appendix A). We therefore conclude that if we con- 
sider all our sources monoonergetic with an energy equal 
to thelr average y-ray energy as defined in equation (+9) 
no appreciable error will be introduced, 

In Pigs 4 are shown the theoretical results of the 
calculation of the ratio 8 for anthracene erysteals of 
different thickness, The curve drawn for 4 crystal thicke 


ness of 0 mm is obtained from equation (8-8) by setting 
os od 
the thickness correction factor peruca =i. This 
ie a 
is equivalent to the assuuption that there is no loss due 
to absorption of primary radiation in a crystal whose 
thickness is L, (i,es, n =m, in equation (Bed)), The 


value of the constant C is chosen so that the computed 


retio RK for EY = 0,6 Mev is equal to 1. This value is 
chosen since the investigation of Fig. & shows that at 0.6 
Mev T/p and </p are very small compared with o,/p and 
therefore, at thie onergy, anthracene should be "aire 
equivalent", Figure 4 shows that the energy chosen for 


the normalisation point could have been selected anywhere 
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between 0.3 and 2.0 Mev since in this region the ratio is 
linear and equal to 1. This energy range is the true "aire 
equivalent” range unier the assumption that there is ne 
loss in the erystal due to absorption. Below 0.3 Mev the 
ratio is seen te decrease and this is caused by the 
“difference between the photoelectric absorption coefficient, 
T/p, for air and anthracene, Above 2,0 Mev the ratio is 
also observed to decresse and this is epueed by the difference 
in pair production coefficients, «/p, for the two materials, 
By introduction of the correction factor we would 
expeet the ratic to be grenstly decressed in the lower energy 
range and only slightly decreseed in the higher energy 
renge since, for energies < 10 Mev, p, increases as the 
energy decrezses. The decreare should else be more pro 
nounced as % incresses, Investigstion of the curves for 
© im thickness and #5 wn thicimese in Fig. 4 shows that the 
decrease in ratio as s function of L is as expected. The 
relative decrease es a function of energy is masked ss a 
result of the choice of 0.6 Mev as the normalization energy. 
fo show this effeet the curves should be drawn with absolute 
values for the ratio Ay The general shape of the curves 
remains the same as for the 0 mm case, However, the linear 


portion ef the curve above 0,1 Mev no longer has 0 slope. 
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‘the ehoice of 0,6 Mev as the normalisation energy is made 
sinee this energy lies at the middle of the linear portien 
of the curve and gives the grestest approximately “aire 

equivalent" range, The “air~equivalent" ranges within + 5 


percent ara 
*Alpwegnivalent" range 
Crysta, thickness ae ee) 
Q un 0.1L Mev + 6.0 Mev 
6 mm GO.13 Mew + $.0 Mov 
£5 mua 0.26 Nev « >10 Mev 


In Pigs 5 the theoretical value of the ratio R as a 
funetion of energy is shown for a Nal erystal. The dis- 
cussion given above for Fig. 4 1a algo applicable for this 
ease. The normalization energy for Nal was selected as 
1.5 Mev since investigation of fig. 3 shows thet T/p and 
K/p are very small compared to t,/9 at this energy. 
Therefore at this energy Nal should be “air-equivalent’. 
The approximate “air-equivalent" ranges within + 5 percent 
for Nal are 


Crystal thickness "Aireequivalent® range 
) + 5 percent 


Q mm 0,62 Mev «+ 3.3 Mev 
25 mm 0.50 Mev ~ 3.0 Mev 
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G Multivis Ecattering 

The effect of multiple seattering must be considered 
in this treatment of the theoretical aspects of the problem. 
Multiple seattering would be greatest for lew energies and 
ané for thick organi¢e etintillaters. Prestwich and cotvin) 
estimated, unier gross assumptions, thet in « 20 mm thick 
anthracene crystal at an incident yeray energy of 280 Kev 
@ maximus value of 3,4 nercent of the ineldent photons could 
suffer © cellisions, Using this value and neglecting any 
multiple collisions in the lon chember since i/i, > wall 
taickness of ion chamber, we can caleulete a new ratio 
taking into account the energy absorbed in the erystal as 
a result of multiple collisions, Proceeding as before the 


ratio then becomes 


= isediteapeaeinbiabaeanitidiaenescalbak 
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where 


EF = average energy of scattered y rays 


a,* = true linear absorption coefficient for s 
yeray energy of EF 
#* = total linesr attenuation coefficient for 6 


yeray energy of Le 


L* @ average path length in crystal for a scattered 
y ray 
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Since nF = asa, E, and for @ cylindrical erystal whose 


diameter is equal to its length L# & £L/z2 this ratio can 


be written 
~u #2 ‘I 


¢, +g 
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The percent increase in R when the effeet of multiple 


¢ 
+ 0.017%, * a 


Be 


seattering is considered is then 


percent increase in R = 


For a cylindrical anthracene erystal with e diameter 
and length equal to 20 oe and an incident yeray energy of 
#80 Kev then the calculated percent inerease in RB is 

percent increase in R = 1.2 

We therefore conclude that under the conditions of 
this experiment the effect of multiple seattering will be 
negligible. 


D. Electron Leakage 
In econeluding the theoretical aspeet of the problem 
the effect of electron leakage will be considered. At 


high energies some of the secondary electrons produced in 
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the seintilleter will have mean ranges which are comparable 
to the dimensions of the scintillator. This means that 
some of the electrons will escape from the surfaces of the 
scintillator before all their energy has been dissipated 
in the scintillator. The ratio of energy absorbed/sec in 
the scintillator to energy ebsorbed/sec in air will then 
be lower than thet computed by theory. This difficulty 
should be removed if an “sir~equivalent" material thick 
enough to provide electronic equilibrium surrounds the 
crystal, Eleetronic equilibrium will oceur, when the 
thickness of the surrounding materisl is approximately 
equal to the maximum range of the secondary electrons in 
the material. (10) This will be investigated experimentally. 
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III. EXPERIMENTAL EQUIPMENT AND PROCEDURE 


The equipment used in this experiment consisted of 
two basic measuring systems; (1) an air donization dose 
rate meter and (2) a seintillation dose rate meter. 


4e Jon Chember Dosimeter 

The air ionization chamber dose rate meter selected 
for use in this experiment was « commercial Beckman Radio} 
activity Meter, Model Mi-4. The fonization chamber used 
with this meter is « 3 mm bakelite cylinder whose volume 
is approximately 1.6 laters. The ion chamber was always 
placed so that the source was on its axis and in this 
position the front cover of the ion chamber is removable 
leaving a thin celluloid window 6.10 inches thick. The 
ion chamber is connected to the meter by a coaxial ceble 
approximately 6 feet long. The most sensitive scale on 
the meter has a full seale deflection of 1 mr/hr. The 
next scale has a full seale deflection of 2 mr/hr and the 
next seale which is the most stable of the lewer three 
scales has a full seale deflection of 5 mr/hr. The source 
strength and distances were always chosen to give a reading 
on the 5 mr/hr scale. All readings taken were corrected 
for non-linearity of the seale with a maximum correction 
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for center seale readings of approximately 1 pereent of 
full sesle deflection. 


Be The Scintillation Dosimeter 

The scintillation dosimeter consisted of one of 
several types of orgenic scintillators mounted on an RCA 
$419 photomultiplier tube. The photomultiplier was always 
operated at a negative voltage of 750 volts. The output 
of the photomultiplier was connected directly to « modified 
RCA WV¥-844 DC microammeter. The woedification consisted 
of inserting a feedback capacitance of 1.0 wf between the 
plate and grid of the input tube, This is essentially the 
same arrangement as used by Ittner and tTer-Pogossian, 
The purpose of the feedback capacitance is te smooth out 
the input which is in « serles of pulses from the photo- 
multiplier tube. Care must be exercised in the selection 
of the capacitor used in such a modification as a capacitor 
having only slight leakage will cause excessive drift in 
the meter. The meter used in this experiment had «a drift 
of less than 1 percent of full seale deflection per hour 
on any scale. 

4ll of the orgenic scintillators used in this experi- 
ment, with the exception of the 6 mm anthracene erystal 
which was eut te fit the top of the photomultiplier tube, 
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were mounted on a cylindrical lucite light pipe 3 om 
thick and 37 mm in diameter cut to fit the top of the 
photetube, The sides and backs of all the scintillators 
were covered with 1/4 mil aluminum foil to increase the 
light collecting efficiency. Optical matching was 
obtained by the use of Nujol. 

All measurements were made with 4 pemetal shield 
around the phototube and a light cardboard shield vas 
pleced around the photetube and scintillator assembly to 
reseve stray visible light. 


C. sprangsment 

in order to reduce to as small an extent as possible 
any contribution from seattered radiation the ion chamber 
and photetube scintillator assembly were mounted on a 
light aluminun frame approximetely £ meters apart and 1.3 
meters above a wooden table. For "broad beam” geonetry 
the sources were positioned between the two detectors, 
suspended from strings, at the same height above the table. 
The ceiling, wells, and floor were all at a distance greater 
then 2.5 meters from either detector or source. 

Distances from source to detector for the scintillation 
arrangenent were measured from center of source to center 
ef crystal. For the Lon chamber the distance was computed 
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using the foruuia\*)) 


x = ja( fl + 2) 


Source Ay 
gg" 2 mh eeid soln. 280 Kev 
92) 02 wl seid soln. Complex 2”) 
cs*?7 0.1 mi ectd soln, 663 Kev 
Re Ra salt, 0.5 mm Complex 
Pt filter 
co®? 1/4" 15 mil wire 1.17 Mev 
1.33 Mev 
na” 3 ga NaZo, 1.38 Nev 
z,.76 Mev 


center of source and 2 «= depth of ion ehember. 


Bs 


100 percent 


100 percent 


100 percent 
100 pereent 
100 pereent 
100 percent 


where a = distance from front wall of ion chaziber to 
The 
sources used are deacribed in the table given below. 


Ey 


£60 Kev 
307 Kev 
663 Kev 
1.04 Kev\43) 


1.25 Mev 


2.07 Kev 


Por the “bread beam" geometry the sources were enclosed in 


6 ml glass viels, well thickness 1 mum, exeept the Ra source 
which wes enelosed in a 3/4 inch diameter solid lucite con~ 


tainer, 


For the "good" geometry the sources were placed in 
glass test tubes (13 wm diemeter, 1 mma wall thickness) 
which were inserted in a lead collimator whose dimensions 


(C)vex 20.2 meiqeod = mm 80 


ot Y wade Baek weal fer Rees 


F ~ 4 lo a ‘ oe 
wad FORe ie omyt APD xotqued sates 1 toa fs 


vox €86 auowang O9E We C80 «itihee Bios | 


vem 284 Suwones OOL veX TLet ena si 


Sei g%, a ea A ee oe gees «5 


iit ’ to val! teed 


eee a OS ee UMM YE 


svi 
vd 
an 
' 
wo 18 
." ' Sate a 
. 


wise dn hak ot hae ® eked 


pikonhinerhsmbresmenaceamstionr: | 
eorwss afl eit sqoane yur f enenngidt {low yelatv 
nwo orton bifoe setomnth sion? aE 41 smcotom ame doit 
es eainasiiaaamiinietiaiees toda . 

| eeeeointde Lew am L yvodomnnh an £2) aetet goed analy | | 

. 


aselemernth enotw retemilioa beet » xi besten? evew seltw 
ae! ye at RE fp % 


are shown in the figure below. 
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LEAD COLLIMATOR 


A piece of bakelite 4 mm thick covered the exit port of 
the collimator to absorb the secondary electrons and 

fluorescent radiation emitted from the collimator. The 
collimator was positioned at the height of the detectors 


on a light aluminum framework. 
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IV. EXPERIMENTAL RESULTS 


be 2006" Geometry 

The theory as outlined in Eection II is based 
only on primary radiation. In order to cheek this theory 
it 4s therefore necessary to eliminate any possible 
effects that might oceur as a result of seattered radiation. 
It was at first thoucht thet by using the arrangement as 
described in Section III of placing the sources and detectors 
at least 2.5 meters from the walls, floor, end ceiling 
there would be negliglble contributions from scattered 
radiation to the dose rate as measured at the detectors. 
Investigation, to be described in this section, proved 
this premise to be incorrect and led te the use of a 
collimated source and "good" geometry for the oxperimental 
meagurements to be used for comparison with theory. 

Figure 6 shows the experimental results obtained 
using 2 6 mm anthracene scintillation erystel. The experi- 
mental points were normalized by comparison with the 
result obtained for cst? whose yeray energy is 663 Kev. 
For this energy the theoretical curve plotted in Fig. 6 
and normalized at 600 Kev, also has 4 value of one. There 


is excellent agreament with theory using "good" geometry 
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| for the ug’??, ce? and co? y~reys. The low value 


for the Na"4 
the electron leakage discussed in Section II-C. The 
result for ia”* 
bakelite is also shown in Pig. 6 and the eloser agreement 

to theory is attributed to the improved electronic eqaullle 


measurenent is believed to be a result of 


when the crystal is eneased in 3 mm of 


brium which exists under these conditions. Seperete 
investigations of the leakage loss as 2 function of erystal 
thickness and equilibrium conditions are presented later 
in this section, 
fn attempt to correlate the results obtained in this 
energy range with the results of Brueker \) in the low 
energy range is shown in Fig. 7. His experimental results, 
assuming his measured value at 185 Kev to be in agreement 
with the theory outlined in Section Il, are shown along 
with the theoretical curve and the measured value of the 
Hg”? source, used in this experiment, for « 25 mm anthracene 
crystal. The results sare considered quite good considering 
the uncertainty in the averege x-ray energy. However the 
increased rate offall-off at the lower energies could be 
a result of seattered radiation resulting in a lower average 
energy than that of the primary beem for which the energies 
are given. No mention of scattering is made in his paper, 
In aceordance with Grayts (5 14) cavity theorem to 
obtain correct measurements with ionisation chambers 
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Sous dacies Bb 1. 
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(and the same principle cau »2 extended to organic 
scintillators) there must be electronic equilibrium of 
the secondary electrons in the region in which the cavity 
or detecting medium is located. By electronic equilibrium 
is meant that the rate of flow of secondary electrons in 
& gmall differential volwne is the same in one direction 
es in the opposite direction. In order to cheek the 
detecting instruments used in this experiment for equilibriun 
conditions the following measurements vere made: 

1, The front wall of the ion chamber was built up 
in stens using celluloid and bakelite and readings taken 
using a collimated ta“* 
of the chember. It was felt necessary to increase only the 


source anproximately 40 em in front 


front well thickness as Meyneord and roberts 12) have 
stated thet the largest contribution to the loniration 
inside the ion chamber arises from the front well. The 
Na”4 source was selected since equilibrim conditions 
reguire an incressed wall thickness as the energy of the 
primary radiation increases, therefore the effect of non- 
equilibrium should be more pronounced for this source, 
The results, using a collimated source, are shown in 

Fig, 8, curve A, and the expected build-up in ionization 
as the equilibrium conditions are reached at 6 mm wall 
thickness is readily apparent. The other curves shown in 
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this figure will be discussed in part B of this section. 

&, Essentially the same experiment wes performed 
on the 6 mm anthracene crystal, The crystal was encased 
4n @ cylinder of bakelite 6 mm thick and then different 
thickness front covers were placed over the crystal to 
check the equilibrium conditions. Two sources were used 
in thie experiment, wa** ana co, The results and dia~ 
gram of the arrangement are shown in Fig. 9. for the 
co®? source no build-up with wall thickness is observed 
leading to the conclusion that for this energy, 1.75 Mev, 
end this thickness of crystal, 6 mm, equilibrium conditions 
ean be achieved in the cryttal itself with zero thickness 
Of enceasing material. The curve for ne”* shews a definite 
build-up with a mexinum when the front wall thickness is 
increased to 3 mu. 

to obtain some idea of the leakage loss as a function 
of erystal size, a plastic scintillator was obtained from 
the Pilot Chemical Company of Waltham, Mass, The selection 
of a plastic scintilletor wes made as it can be easily 
machined and polished to any desired shape or size. The 
yrray attenuation coefficients for plastic ere esrentially 
the game as for anthracene. The originel plastic scintillator 
wes a cylinder 25 am in height and 26 ma in diameter, 
Several seintillators of the same diameter but different 
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EXPERIMENTAL ARRANGEMENT 


Figure 9 


DOSE RATE vs FRONT WALL THICKNESS 
"GOOD" GEOMETRY WITH 6mm. 
ANTHRACENE CRYSTAL 


2 4 6 8 lO l2 
FRONT WALL THICKNESS (t)-mm 
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thiekness were machined from the original cylinder. 
Measurements using a collimated na”* source were made 

and the ratio of ion chamber response to scintillation 
meter response as a function of seintillation thickness 
are shown in Figs 10. The ratios are plotted on the 
assumption that the loss for the 25 mm thick scintillator 
is negligible, The difference in dose rate as 4 result 
of absorption has been eliminated in this series of 
measurements by correlation with lower energy measurements 
and normalizetion st the averzge energy of wa”, 

The measurements made nsing "ood" geometry are 
useful primarily in cheeking the theory. In practical 
applieations of a scintillation dose rate meter for vradioe 
biological work it is expected that most messurements 
would be made under "broad beam” conditions. Some of the 
effects caused by seattered rediation using "brorzd beam" 


geometry will be diseussed in the next section. 


B. MBroad Bean" Geonetry 
When using "bread beam" geometry many new variables 
are introduced into the problem. No attempt will be made 
in this diseussion to investigate these different varisbles 
but the main effects of scattered radiation on dosage 
measurements when using organic selntillators will be 


presented. 
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The measurements obtained using “broad beam" 
geometry and the 6 mm anthracene crystal are shown in 
Figs 6. Wa observe that im the low energy region the 
experimental ratio lies belov the theoretical. This 
is to bo expected if seattered radlation is present since 
the average energy of the radiation reaching the deteetor 
would be lower than the average primary energy. At the 
average energy of ta”* 2.07 Mev, the ratio is now closer 
to the theoretical than that obtained using "geod" 
geometry, This can also be expleined om the basis of a 
lovered average energy. Since for this thickness crystal 
experimental results show that little or no loss is 
expected for the average energy of co”, lowering the 
average energy of the tia®™* source would reduce the effect 
of leakage loss thereby inersasing the ratio. 

The first indication of the effect of seattered 
radiation was apperent when a eheck of the lLonization 
chamber for equilibrium cenditions was made. Using 
"proad beau” geometry the front wall thickness of the 
lonization chamber was inereased for four different sourees, 
These results are shown in Fig. 11, and Figs 8, eurve D. 
Note thet for the cat?7, ce”, and Wa there is a decrease 
in dose rate as the wall thickness is inereased from sere, 
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Figure Il 
DOSE RATE vs FRONT WALL THICKNESS FOR AIR 
IONIZATION CHAMBER "BROAD" BEAM GEOMETRY 
Source to chamber distance ~20 cm. 


and only a slight build-up for the He”? soures, te 
determine if the increase in dose rate was e function 

of the distance of the source over the range in which 

the measurements for this experiment were taken, three runs 


ae source at distances of 5 om, 70 em, and 50 


using a Na 
em were made. These results are shown in Figs 12. Wo 
measurable difference due to distance was observed. 

Further experimenting was undertaken by placing 4 
lead sheet 8 inches square, © mn thick, between the source 
and the ion chamber. The lead was first placed adjacent 
to the source and then moved against the fece of the ion 
chamber. Readings were taken for both positions and these 
are plotted in Fig, 8, curves B snd C, for comparison with 
the "broad beam" and "good" geometry curves which are also 
Shown in Fig. 8. With the lead sheet adjacent to the ion 
chamber some of the seattered radiation which is of lower 
energy than the primary rediation will be absorbed in the 
lead end, as the experiment shows, the curve for this con- 
dition approaches that for the "good" geometry. ith the 
lead adjacent to the source none of the seattered radiation 
is attenuated and the curve is the same as that for the 
*pread beam" ease except for some attenuation of the 


primary radiation. 
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DOSE RATE (Arbitrary Units) for each curve 


Figure !2 


DOSE RATE vs FRONT WALL THICKNESS FOR 
AIR IONIZATION CHAMBER 
Source - Na 24 
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In view of the probable applications of a seintillation 
dosimeter, measurements were made using "brosd beam" geometry 
on several different types and sizes of organic scintillators, 
The results of these measurements are shown in Fig. 13. 

All of the organic scintillators used heve eseentially 

the same y-ray attenuation coefficients as those for 
anthracene. An estimate of the relative efficiency of 

the different scintillators was made on the basis that 

the light output is directly proportional to the volume 
ef the scintillator and the results in order of decreasing 
efficiency are given below: 

1, Anthracene, 

Z. Stilbene. 

3. Plastic 


4, Terphenyl 


Examination of Pig. 13 shows that the experimental 


203 source are always below the pre- 


results using an Hg 
Gicted theoretical curves and as previously mentioned this 

is probably a result of a lowered average energy due to 

the presence of seattered radiation, At the higher energy 

of the Ne" source examination of Pig. 13 shows that the 
experimental results also lie below the predicted theoretical 
curves. The experimental values for the thicker erystals 


are in closer agreement with theory then the values for the 
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Figure 13 


RATIO OF ENERGY ABSORBED/SEC IN VARIOUS ORGANIC 
SCINTILLATORS TO ENERGY ABSORBED/SEC IN AIR 
vs INCIDENT GAMMA-RAY ENERGY 


— .) 


Note: All theoretical curves normalized to 0.6 Mev. 
All experimental data normalized relative to Cs'5? measurement — 4 
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thinner crystals as would be expected if this decrease 
is due to leakage loss as explained in Section Ii-D. 

All of the results, with the exceptions explained 
above, are seen to be in fairly close agreement with 
theery and it is therefore concluded that any of these 
organic scintillators would be sultable for use in a 
dosimeter. 

To complete the experiment, measurements were taken 
using « Nal crystal which aceording to theory is "air- 
equivalent" over only 4 small energy range. The results 
of these measurements are shown in Pig. 14. Over the 
approximate “air-equivalent® range, which for a 25 mm 
Nal erystal is 0.5 Mev to 3 Mev, we see that the experi-+ 
mental results are in close agreement with the predicted 
theoretical valuss, Below 0.5 Mev the theoretical ratio 
is seen to increase as the energy decreases, therefore 
for "broad beam" geometry we would expect the experimental 
results to be higher than the predieted values. Exanina- 
tion of Fiz. 14 shows that the results are as expected. 
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V. SUMMARY AND RECOMMENDATIONS 


A. Summary 

From the theoretical discussion in Seetion II and 
from the detalled experimental results described in Section 
IV the following general conelusions are made: 

1. Organic scintillators are "“air-egquivalent"” within 
+ & percent over a limited energy range depending on 
seintillator thickness as shown in the following table 
(see Fig. 4): 


Beintillator 
thickness PaO QU va 2 Bre 
3 mm 0.12 Mev to ~7.0 Mev 
6 mm 0.13 Mev to ~ 9.0 Mev 
if mm 0.20 Mev to >10 Mev 
25 mm 0.28 Mey to 710 Mev 


This teble is based on a calibration of the 
scintillator at 6.6 Mev under equilibrium conditions, 

&. When electronic equilibrium does not exist the 
"sir-equivalent* range of the thinner seintillators will 
be considerably reduced from the values given in the above 
table as a result of leakage of secondary electrons from 


the sides of the scintillator. 
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34 There is no essential difference between the 
organic scintillators listed below in their response to 
y radiation. They do, however, have different relative 
efficiencies for light output for the same ineident 
radiation intensity. They are listed in order of decreasing 
efficiency, 

&+ Anthracene, 
be. Stilbene. 
G. Plastic. 

ds Terphenyl. 

4- Sodium iodide seintillation crystals are “aire 
equivalent" over a very limited energy range. They would 
therefore not be suitable for use in a scintilletion dosi- 
meteor except in the measurement of dose rate from sources 
whose y-ray spectrum lies completely in this range. 

Se The effect of seattered radiation must be con- 
sidered when using a scintillation dosimeter with "bread 
beam" geometry, Scattered radiation will lower the meagure« 
ment at the low energy end of the “air-equivalent" range, 
The effect at the high energy end of the “air-equivalent® 
range will depend on the crystal thickness and on the 
thickness of material, if any, surrounding the crystal. 

6 A scintillation dosimeter calibrated with a 
standard radium source will measure approximately 2.5 
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percent lew for monoenergetic sources whose energies lie 
in the "aireequivelent* range, 


It is recommended that a scintillation dosimeter 
be constructed similar to the one described in this 
experiment with the following modifications: 

1. A eylindrical organic secintilleter approximately 
1/8 inch diameter, 3/8 inch thick mounted on the end of a 
lucite or quarts light pipe at least 1 foot long. 

&, The seintillator encased in 3 mm of "aire 
equivalent" material such es bekelite. 

3, Calibrated using a standard radium source. 

The following investigations should then be con~ 
ducteds 

1, Investigate the effeets of the light pipe. 

2, Compare the results obtained in 4ifferent 
phantoms when using the scintillation dosimeter with the 
results for the same chantoms when using a small air 
ionization chamber such as the Victoreen meter. 

The results obteined from such an investigation 
would be invaluable to radicbiologiecal research. 
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C. Conclusion 

It is the belief of the author that the results 
of this investigation have shown beyond question the 
practicability of scintillation dosimeters for use in 
Yeray measurements and it is hoped that application of 
such instruments will be of some value in future biological 
research, 
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APPENDIX A 


SAMPLE CALCULATIONS 
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1, Caleuwlation of p/p, Ha/ Ps 

The values of p/p and a,/p for air and Nal were 
obtained from the tables in BS Report 1003.25) yop 
anthracene the values are not tabulated and must be 
calculated from the values given for hydrogen and 
carbon using the following formula: 


R, go 
n/p = 24 ae 


Ny alt 
ae vee 


where 
W = molecular weight of compound 
Wy * molecular veight of i'th element 


A, ™ atomic weight of i'th element 
N .* Avogadro's number 


ato, * total attenuation cross section for i'th element 


ato, = Z,(,0) + 7 + K 


ata, = total absorption cross section for i'fth element 


ata, = Zleq) +7 + 
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~ #7 * (%) 28 = lly 


tnomele d¢1£ 10k aoltooe eect nottqrecds fated = 4H 


A+ + lapse sis 


. 


Por authrasens ~ Sy 4419 ~ with zy = 1.0 Mev 
iy hydrogen = @ 
* pydrogen ™ ° 
Zuo n) nydrogen * +0929 x 10°°* en®/atom 
Zale rvarogen * 9®1E * 107™* om Jaton 
(sPonyarogen = %2tte x 107** on®/atom 


(aa) nyarogen = +0920 = 107°* en®/atom 


Zo(o%a)ecrnon * +8574 em” /etom 
Xgl.) carbon * 1+267 on®/atom 
(so) carbon = 14267 em” /atom 

(had carbon * 9+5574 en” /atom 


Wearbon & 26° e2/mole 


Vnydrogen ™ 10 gm/mole 
W = 178 gm/mole 
B, = 6.03 x 19° atona/gm-mole 
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“ « 0.0671 gm/om™ 
Similarly 


rs 
a % 0.0205 gm/em™ 


2, Caleulation of ratio R for anthrecene crystal 24 
ma thick and EB, = 1.0 Hev 


at ao 
Rr wo fa(n= 2°.) 
p,' he 


= 0.0205 gu/am™ 


a 
re 
a 2 
p = 6.0671 gn/ on 
: g 
- 0.0279 gm/em 
p = 1.25 gn/om? density of anthracene 
pt = 6,001205 gu/em density of dry air 


20°C and 760 am 
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Prom similar calculation for " = 0,0 Hew 
Wormalizing at 0.6 Key let ¢ = ggbeg , then (Rpg) soem * 2 


and the uormaliced value of 80 becomes 


(ono * Sere 7 1-00 


3, Calculation of 7 


y 
Ne”* has two y Pays 


bs 


1.38 Mev 100 

£2.76 Mev 109 
os ¥ 

yy o Pally, / 2M 


= 2,07 Mev 


4 Caleulation of ratio & for non-monoenergetic source 
using exact formula compared with calculation of R using 
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For na** considering ratio of anthracene to air 


Anthracene 

u/P /p 
Eye 2.76 Mev 0.084 0.042 
a 2.07 Mev 0.026 0.048 
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For non-monoenergetic with d = 6 mm 


HM 


Rs . 41 ¢ 
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For average energy 


Re~ = 1146 C 
Y 


Comparison of KR > with Rg- shows that the error introduced 


(6. 026) (1-25) 


by the use of ae is ~ 0,6 percent. 


Air 
w.*/pt 
0.026 


0.021 
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